Experimental details
We employ the FEI TECNAI F20 Cs-corrected transmission electron microscope to acquire the hologram series. Objective lens was switched-off during ensuring measurements in remanent state. For imaging we used the pseudo-Lorentz lens using the first transfer lens of the Cs corrector (CEOS company) providing a spatial resolution of 1 -2 nm (diffraction lens at 82%).
Sample magnetization and its reversal was achieved by tilting the sample out-of-plane by α = ±30° and applying the immersion field of the objective (2T). For α = 0°, we acquired series of 20 holograms (2 -3 s individual exposure times) according to the procedure in Ref. 32 (main article) for both remanent magnetization states. Additionally we acquire reference holograms without object to correct various artifacts. S1 The wave series were reconstructed using a Butterworth filter of order 5 and a width realizing a spatial resolution of about 5 nm and normalized them by waves reconstructed from reference holograms. The reconstructed and normalized wave series were corrected with respect to object and biprism drift caused by instabilities during series acquisition. Object drift correction was achieved by minimizing the root mean square between subsequent amplitude images using non-linear fitting routines, S2 realized with MATLAB TM . Biprism drift leads to global phase offsets and biprism charging to phase wedges. Both were determined by fitting the phase in a vacuum region and subtracted from the reconstructed and normalized phase images. The averaging was conducted with respect to the wave to avoid artifacts due to phase wrappings. Here, displacements were corrected again as described above by means of matching the amplitude images. The vacuum regions were used again to determine and to remove phase-offset and tilt before determination of electric and magnetic phase images.
Mean Inner Potential (MIP) determination for Fe 60 Al 40 :
We determine the mean inner potential for Fe 60 Al 40 by means of three different samples: Virgin as-grown, annealed at 500°C and irradiated with 10 keV ion beam energy. For these three samples we acquired and reconstructed hologram series as described above. The electric phase images show step-wise profiles due to different mean inner potentials of Fe 60 Al 40 , SiO 2 and silicon. We used the known value, S4 for SiO 2 (10V) and varied the MIP for Fe 60 Al 40 and Si to achieve a nearly continuous thickness profile as shown in Figure S1a . The resulting mean inner potentials are shown in Figure S1b . For the silicon we obtain (except the annealed case) values slightly below the known value, S4 of 12 V, because of near-zone-axis orientation of the substrate.
For Fe 60 Al 40 we obtain an average value of 18(1)V, the error is due to uncertainties of the SiO 2 value, charging in the substrate and dynamical scattering in the thin film. Compared to the amplitude profiles (not shown here), we obtain a holographic mean free path of about 50(5) nm. The amplitude image of the magnetic phase image Figure 4b (main article) is presented in Figure   S2 showing the polycrystalline nature of the thin film. It indicates that the spacer region Figure   4d (main article) is influenced by dynamic diffraction on nano-crystals, which makes a quantification of the flux density in the thin film difficult. The area of the right ending ( Figure 4e , main article) exhibits no diffraction contrast, which allows a reliable comparison with simulation.
Holographic results for determining the magnetization profile
For magnetization profiling we observed, where possible, thicker sample positions to increase the signal of the inner part of the cross-sectional sample, which is not affected by sample preparation. Hologram series were acquired and reconstructed as described above. For the mean phase images, which are relevant for the magnetization profile determination, we obtain the following standard deviations of the mean values averaged along the thin film (Table S1 ).
The unwrapped electric phase shifts of the annealed and irradiated samples are depicted in Figure   S3a . The vacuum region is on top, the SiO 2 substrate on bottom and the Fe 60 Al 40 in between. In case of the 30 keV (100nm) sample, a large glue layer is observable in the vacuum region. The graining in the thin film visible in the electric phase image indicates the poly-crystal structure.
This causes problems due to dynamical electron scattering, which is known to be strongly dependent on crystal orientation. S5 Consequently, slight orientation mismatches due to mechanical hysteresis of the TEM goniometer induces phase differences showing up as local artifacts in the electric and magnetic phase images Figure S3a and b. That limits the size of the interpretable area of the thin film. Therefore we do only interpret quantitatively along certain profiles (horizontally averaged, see Table S2 ) indicated by vertical colored arrows. Figure S3c shows the corresponding step-like profiles due to different mean inner potentials. The ratios between the phase shifts of the thin film and the substrate for the 5 keV, 20 keV and 30 keV cases correspond well to the MIP ratio, while thicker samples (annealed, 10keV) show strong deviations. This is because of finite spatial resolution, which prohibits a correct sampling of the very steep phase gradients at the interfaces. This facilitates phase unwrapping only partially, which is crucial for the thickness determination of the thicker sample positions (annealed and 10 keV). Especially 2π phase offset multiples are missing, which we had to figure out by comparison with the mean amplitude using the holographic mean free path of 50(5) nm (Table   S2 ). This is important for correctly retrieving the thickness profile from the electric phase images
(mean values summarized in Table S2 ). Finally we determine the thickness profile by linearly fitting the electric phase shift the region of the thin film and using the measured MIP of about 18(1) V as determined above. Table S1 : Standard deviations of the mean phase values in the thin film before and after magnetization reversal. The results are summarized in Figure S3 . Figure S3 . Missing phase offsets were identified by comparing electric phase shift and amplitude images. Another influence is given by contamination during hologram series acquisition, which had a crucial impact on the 30 keV (100nm) sample, which can be seen by the difference of the measured phase noise for the acquisitions before and after magnetization reversal, while the other samples show rather reproducible values. In the mean phase images we see differences of about 1 rad in the non-magnetic part indicating a growing of contamination after magnetization reversal acting as magnetic dead layers on top and bottom of the sample. To correct for that we subtracted in this case 0.5 rad from the electric phase image before determining the thickness profile without contamination dead layers.
The corresponding magnetic phase images are shown in Figure S3b and their profiles in d. At the interfaces we observe artefacts due to phase unwrapping and image alignment mismatches.
However these artifacts do not affect the interpretation of the magnetic phase images within Fe 60 Al 40 . The annealed sample exhibits a rather homogeneous slope in the thin film due to a finite magnetization, which is unexpected. We attribute this effect to disorder induced magnetism located on top and bottom of the sample due to TEM sample preparation. The irradiated samples exhibit inhomogeneous slopes due to spatially varying flux densities given by the different penetration depths of the irradiating ions. Correct interpretation in terms of local magnetic fields requires the local thickness profile extracted from the electric phase shifts ( Figure S3c) , by fitting linear function in the thin film region. Finally we find the distributions of the mean in-plane flux density in the thin film by means of Equation 3 as represented in Figure S4 .
The case of 20 keV and 30 keV for the 40 nm thin film shows nearly the same phase gradient, whereas the electric phase strongly differs (magenta and cyan curves in Figure S3c and d). This presumably indicates the presence of non-ferromagnetic capping layers especially in the case of the 20 keV sample, which additionally shifts the electric phase but not the magnetic phase. As a consequence the thickness will be overestimated and the resulting B-field underestimated as shown in Figure S4 . Figure S4 : (Left) Mean in-plane flux density parallel to the surface using the experimental data of Figure S3 and Equation 3. Magnetization profiles depending on ion beam penetration depth are clearly visible although a nonvanishing background and magnetization in the annealed sample (ordered) is observable. Deviation at the interfaces, i.e. at 0, 40 nm and 100 nm are attributed to artifacts due alignment mismatches and phase wrappings at the steep edges in the phase images. (Right) Absolute error estimated of the reconstructed error as a consequence of the phase measurement and MIP determination (Error estimation).
Error estimation
According to Equation 3 we determine the relative error of the B-field by:
Error of the electric and magnetic phase shift
We assume that the errors of the two independent measurements for ߮ ା and ߮ ି are uncorrelated.
Therefore it suffices to use the square sum of the variances ∆߮ ା ଶ and ∆߮ ି ଶ of the measured phase shifts:
Note that the case of fully correlated errors yields ∆߮ = 0. The error of the gradient determined from the noisy magnetic phase shift depends on the correlation between adjacent pixels. This correlation emerges from the Point Spread Function which determines the spatial resolution in the reconstructed phase image, which we assume to be Gaussian like:
For a spatial resolution of 5 nm we assume a FWHM = 10 nm, which implies a standard deviation of the Gaussian distribution of about ߜ = 4.26 nm. The blurred phase image is given by the original phase shift ߮ convoluted with the Point Spread Function. From this relation we infer the correlation coefficient by:
We assume that the magnetic phase shift is much weaker changing than the PSF. That is, for the covariance we obtain the following approximation:
For neighbored pixels the correlation factor yields:
We evaluated the gradient pixel wise with a calibration of about Δ‫ݎ‬ =1.1 nm per pixel. In this case the correlation coefficient for a spatial resolution of about 5 nm yields:
We determine the error of the magnetic phase gradient by:
The relative error for the determination of the mean inner potential is given by:
Effect of sample preparation induced disorder
TEM sample preparation damages the sample on top and bottom, which is crucial for the magnetic investigation of Fe 60 Al 40 , since disorder will end up with artificial ferromagnetic layers.
The phase shift of the electron wave projects the in-plane flux density in beam direction.
Consequently these artificial layers will contribute as background to the reconstructed phase images ( Figure S3 ). Due to the projection property, it is justified to subtract the background.
However, the thickness t determined from the electric phase shift will underestimate the mean flux density, which requires figuring out the effective thickness t eff of the undisturbed magnetic region. This motivated to model the background in the following way: We assume that the magnetic phase gradient composes of:
The mean magnetic field is determined by normalizing with the total thickness t of the sample:
To determine the background contribution we chose the region close to the Fe 60 Al 40 /SiO 2 for x = x Bg ( Figure S4 ):
Here, we further assume that the damaged areas are homogeneously magnetized and yield a flux density of B a = 1.0 T in remanence, which defines the thickness of the artificial layers. The subtraction of the mean background field yields:
For the last step we assumed that the B-field B m in the undisturbed region is homogeneous in beam direction (z). We finally substitute t a by the expression above and obtain the flux density B m within the undisturbed region:
From the results in Figure S3 we extract the background field <B Bg > by the minimal value within the Fe 60 Al 40 thin film. Using the data of Table S3 , we obtain the final profiles of the magnetic field as shown in Figure   5 (main article).
Magnetostatic calculation of the phase image
For the phase shift given by a homogeneously magnetized bar of length L, width b and height h as depicted in Figure S5 . We need to solve first the magnetostatic boundary problem yielding the magneto-static potential ψ for the H-field:
Second we assume the biprism to be aligned parallel to the long axis and the position x 0 as a field-free reference point. The phase shift due to the H-field with respect to this point is given by the following integral of the y-derivative of magnetostatic potential (a consequence of Eq. 3 in the main article).
The analytic solution of this integral, which is equivalent to the solution found in Ref. For each sub-bar we apply the above analytic solution for the phase image and sum all results to obtain the final image (due to linearity of the field equations).
